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Abstract 
Parabolic trough concentrators are currently the most developed and most commonly used solar technologies for 
electricity generation. The thermal losses play an important role in the performance of the system. This paper 
describes the methodology and the results of an experimental and numerical investigation of the thermal losses of a 
small-scale parabolic trough collector. The collector is 3m wide and 4m long, with evacuated tubes with selective 
coatings.   
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1. Introduction 
Electrical energy generated by solar technologies has increased by a rate of 20% a year from 2000 to 
2011 [1]. To maintain and even increase this growth rate, a reduction in the price of the electricity 
generated is required. In parabolic trough concentrators (PTCs), research on the thermal storage and 
alternative fluids, besides the thermal oil, is one of the most promising options for achieving a price 
reduction. The technology known as Direct Steam Generation (DSG) has shown potential for increasing 
the efficiency and thus providing a cost reduction [2] [3]. This paper forms part of a project which aims to 
carry out an experimental investigation of a small-scale PTC with DSG operation either for electricity or 
industrial process heat application, in Florianópolis, SC, Brazil [4]. 
In this study, an experimental and numerical analysis of the thermal losses of a parabolic trough solar 
collector, which is 4m long and 3m wide, was carried out to evaluate the global heat loss coefficient. The 
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collector is equipped with evacuated Heat Collector Elements (HCEs) with selective coatings and 
aluminized mirror films as parabolic reflectors. Water was used as the working fluid with the mass flow 
rate ranging from 0.02 kg/s to 0.05 kg/s. The operation temperature of the HCEs ranged from 50°C to 
120°C above the ambient temperature.  
A one dimensional physical model of the heat loss was developed and compared with the experimental 
results for validation purposes for the collector analyzed. 
 
Index 
ୟୠୱ Absorber tube external area, [m2] ݍሶ ᇱ Heat transfer per length, [W/m] 
௣௥௢௝ି௔௕௦ Absorber tube projected area, [m2] ሶܳ ௔௕௦ି௔௠௕  Heat flux, [W/m2] 
୮      Specific heat, [J/kg.K] ሶܳ஽ேூି௔௕௦ Heat flux, [W/m2] 
ߠ Incidence angle, [°] ሶܳ ி௟௨௜ௗ  Heat flux to the fluid, [W/m2] 
ܦ Diameter, [m] ܴ݁ Reynolds number 
ܦܰܫ Direct normal irradiance, [W/m2] ܶ Temperature, [oC] 
௙݂ Friction factor ୟୠୱ Global heat loss coeff., [W/m2K] 
݄ Heat transfer coefficient, [W/m2K] ݒ୵ Wind velocity, [m/s] 
݇ Thermal conductivity, [W/m.K] ߙ Absorptivity 
݈ Collector length, [m] ߝ Emissivity 
ሶ  Mass flow rate, [kg/s] ߪ Thermal diffusivity [m2/s] 
ܰݑ Nusselt number ߬ Transmissivity 
ܲݎ Prandtl number ߤ Viscosity [kg/s.m] 
    
Sub-index 
1 HTF at entrance of the absorber tube F Fluid 
2 HTF at exit of the absorber tube G Glass 
A Absorber tube HL Heat loss 
air External air I Internal 
C Convection R Radiant 
E External   
2. Thermal loss tests 
The experimental setup is represented in Figure 1. It consists of a closed circuit where the auxiliary 
equipment (pump, pre-heater, valves and cooler) provides water at controlled pressure, temperature and 
mass flow rate at the collector inlet.  
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Figure 1 – Experimental setup 
 
The thermal loss test consists of providing hot water at the collector inlet and measuring the 
temperature drop between the inlet and outlet to evaluate the heat loss. In these tests there is no 
concentration of solar radiation. The instrumentation of the HCE in shown in Figure 2. 
In Figure 2, T1 to T8 are thermocouples. T1 and T2 are armored thermocouples with direct 
measurements taken in the fluid in the middle of the tube. Thermocouples T3 to T8 measure the external 
wall temperature of the steel tube, outside the evacuated insulation of the HCE. P1 and P2 are pressure 
transducers. A magnetic flow meter was used for mass flow rate measurements. 
 
 
 
Figure 2 – Test section instrumentation 
 
The energy balance in the HCE is given in equation 1. The global heat loss coefficient is defined by 
equation 2. 
 
ሶ ୟୠୱିୟ୫ୠ ൌ ሶ ή ୮ ή ሺଵ െ ଶሻ (1) 
 
ሶ ୟୠୱିୟ୫ୠ ൌ ୟୠୱ ή ୟୠୱ ή ሺ୅୉ െ ୟ୫ୠሻ (2) 
 
In this same project, performance tests, concentrating the solar radiation, were also carried out. These 
tests could only be conducted under sunny days. Thus, on cloudy days, which are common in 
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Florianópolis in summer, the thermal loss tests were carried out, although some sunny days were also 
used to perform thermal loss tests for comparison. The tests conducted on cloudy days are referred to 
herein as type-one tests and those carried out on sunny days as type-two tests. Figure 3 represents the 
energy balance in the HCE for the type-one test. 
 
 
Figure 3: Energy balance in a type-one test  
 
In this case, energy in transferred by the fluid to the environment. The energy balance is given by 
equation 1. The specific heat of water is evaluated based on the mean temperature, given by equations 3 
and 4. 
 
ܿ௣ ൌ ͶʹͲͻǤͺ͸ െ ͳǤʹͶͻ͵ ή ௠ܶ௘௔௡ ൅ ͲǤͲͳ͵ͳ ή ௠ܶ௘௔௡ଶ (3) 
 
௠ܶ௘௔௡ ൌ ሺ ଵܶ ൅ ଶܶሻȀʹ (4) 
 
Figure 4 represents the energy balance of the type-two tests. Although no solar radiation is 
concentrated on the HCE, the upper portion of the HCE receives direct radiation. Due to the amounts of 
heat transfer being small, this non-concentrated direct radiation absorption plays an important role in the 
balance. The energy balance is given by equations 1, 2, 5, 6 and 7. 
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Figure 4: Energy balance in the type-two test 
 
ሶܳ ௔௕௦ି௔௠௕ ൌ ሶ݉ ή ܿ௣ ή ሺ ଵܶ െ ଶܶሻ ൅ ሶܳ஽ேூି௔௕௦ (5) 
 
ሶܳ ஽ேூି௔௕௦ ൌ ܣ௣௥௢௝ି௔௕௦ ή ܦܰܫ ή ܿ݋ݏߠ ή ߬ ή ߙ (6) 
 
ܣ௣௥௢௝ି௔௕௦ ൌ ܦ஺ா ή ݈ (7) 
 
To verify the accuracy of equation 6, a type-three test was carried out on sunny days. In this test water 
is fed to the collector at ambient temperature, minimizing the heat loss to almost zero. With the direct 
radiation reaching the upper portion of the HCE a small increase in the water temperature could be 
observed. Figure 5 illustrates the energy balance in these tests. The equation that define this balance is 
equation 8. 
 
 
Figure 5: Energy balance in a type-three test 
 
ሶܳ ஽ேூି௔௕௦ ൌ ሶ݉ ή ܿ௣ ή ሺ ଶܶ െ ଵܶሻ (8) 
3. Thermal loss model 
Heat loss measurements were compared with a theoretical model.  An one-dimensional heat transfer 
model was used to predict the heat loss in the heat collector element.  
As observed in [5], [6] and [7], this is a widely-used model, which gives good results compared with 
values obtained from measurements. According [5], the one-dimensional model is suitable for small 
collectors, up to 100 m, which includes hand-held equipment. 
It is considered a steady-state operation point, disregarding the variations in the axial and polar 
coordinates of the collector element. The software EES was used to implement the model. The orientation 
of the heat fluxes is carried out considering nominal operation of the collectors, as shown by the arrows in 
Figure 6. These flows are obtained per unit length of the collector. 
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Figure 6: Scheme for the energy balance 
 
x Energy balance 
 
The temperature of the fluid in the collector is treated as a medium temperature. According to [4], the 
energy absorbed or lost by the heat transfer fluid in an incompressible liquid flow can be obtained through 
equation 9. 
 
ሶ ᇱ୊୅ ൌ
ሶ ୌ୘୊୮൫୊ǡ୫ǡ୭ െ ୊ǡ୫ǡ୧൯
݈  (9)  
 
x Heat exchange between the heat transfer fluid and absorber tube 
 
The heat exchange between the heat transfer fluid and the inside of the absorber tube occurs by forced 
convection. It is considered that the internal flow is fully developed under the regimes, depending on the 
Reynolds number: turbulent for ܴ݁ ൐ ʹ͵ͲͲ and laminar for ܴ݁ ൑ ʹ͵ͲͲ [8]. 
 
ݍሶ ᇱி஺ ൌ ݄ி஺ܦ஺ூߨ൫ ஺ܶூ െ ிܶǡ௠൯ (10)  
 
ܰݑ஽ಲ಺ ൌ ݄ி஺
ܦ஺ூ
݇ு்ி (11)  
 
When the flow is laminar, [5] suggests the use of the condition of uniform heat flux through the tube 
wall. For such a condition, the Nusselt number for completely developed thermal and hydrodynamic 
conditions is a constant equal to 4.36, which can be obtained theoretically [8]. When the flow is turbulent, 
the Nusselt number can be obtained through the correlation developed by [9].  
 
ܰݑ஽ಲ಺ ൌ
൫ ௙݂ ͺΤ ൯൫ܴ݁஽ಲ಺ െ ͳͲͲͲ൯ܲݎி
ͳ ൅ ͳʹǤ͹ට൫ ௙݂ ͺΤ ൯൫ܲݎிଶ ଷΤ െ ͳ൯
൬ܲݎிܲݎ஺ூ൰
଴Ǥଵଵ
 (12)  
 
௙݂ ൌ ൫ͳǤͺʹ ଵ଴൫ܴ݁஽ಲ಺൯ െ ͳǤ͸Ͷ൯
ିଶ
 (13)  
 
x Conduction through the wall of the absorber element 
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The energy balance on the inner surface of the absorber tube is indicated by the following equation: 
ݍሶ ᇱி஺ ൌ ݍሶ ᇱ஺ (14)  
 
In a cylinder with a temperature gradient only in the radial direction, the conduction through the wall 
of the absorber element can be treated as described in [8]: 
 
ݍሶ ᇱ஺ ൌ
݇஺ʹߨሺ ஺ܶா െ ஺ܶூሻ
ሺܦ஺ா ܦ஺ூΤ ሻ  (15)  
 
x Radiation at the absorber tube 
 
As mentioned above, the heat loss model is calculated from the length of the absorber tube. 
 
ݍሶ ᇱௌ௢௟ǡ஺ ൌ ሶܳ஽ேூି௔௕௦Ȁ݈ (16)  
 
x Thermal exchange between the absorber element and the insulating glass 
 
Performing an energy balance at the surface of the absorber tube gives: 
 
ݍሶ ᇱௌ௢௟ǡ஺ ൌ ݍሶ ᇱ஺ ൅ ݍሶ ᇱ஺ீ  (17)  
 
     Where ݍሶ ᇱ஺ீ  represents the heat exchange between the absorber element and the glass casing. This 
occurs through two distinct phenomena, radiant (ݍሶ ᇱ஺ோ), and convective (ݍሶ ᇱ஺஼) heat exchange. 
 
ݍሶ ᇱ஺ீ ൌ ݍሶ ᇱ஺ோ ൅ ݍሶ ᇱ஺஼  (18)  
 
o Convective heat exchange 
 
The annular space between the glass envelope element and the absorber tube is evacuated, which 
greatly reduces heat losses occurring inside the convection mechanism. This vacuum can, however, 
deteriorate over time, increasing this portion of the heat loss. 
According to [10], for vacuum pressures below 0.133 kPa the heat exchange occurs through free 
molecule convection. It was verified that, for this range of pressures, the thermal convection does not 
exceed 0.1% of the total heat exchange between the metal tube and glass. Thus, for practical purposes, it 
was considered, for pressures below 0.133 kPa, that the thermal convection is zero. However, for 
pressures above this value, the convection between the tubes can be treated as free annular convection 
[11]: 
 
ݍሶ ᇱ஺஼ ൌ
ʹǤͶʹͷ݇஺ீሺ ஺ܶா െ ܶீ ூሻ൫ܲݎ஺ீܴܽ஽ಲಶ ሺͲǤͺ͸ͳ ൅ ܲݎ஺ீሻΤ ൯
ଵ ସΤ
ሺͳ ൅ ሺܦ஺ா ܦீூΤ ሻଷ ହΤ ሻହ ସΤ  
(19)  
 
o Radiant heat exchange 
 
The radiant heat exchange between the absorber element and the insulating glass can be obtained from 
[8]: 
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ݍሶ ᇱ஺ோ ൌ
ߪߨܦ஺ாሺሺ ஺ܶா ൅ ʹ͹͵Ǥͳͷሻସ െ ሺܶீ ூ ൅ ʹ͹͵Ǥͳͷሻସሻ
ͳ ߝ஺Τ ൅ ሺͳ െ ߝீሻܦ஺ா ሺߝ௏ܦீூሻΤ  (20)  
 
It is considered that the Pyrex glass is opaque in the frequency range of infra-red radiation in which the 
absorbing element emits. In addition, both surfaces are assumed to be gray (ρ = α). The air is considered 
to be non-participatory and the cylinders to be concentric and very long. The radiation and reflection are 
given as diffuse, whereߝ௏ is the emissivity of the glass. 
 
x Conduction through the wall of the glass envelope 
 
As seen above, the conduction through the wall cylinder: 
 
ݍሶ ᇱீ ൌ
݇ீʹߨሺܶீ ூ െ ܶீ ாሻ
ሺܦீா ܦீூΤ ሻ  (21)  
 
x Heat Losses 
 
The heat exchange between the outside of the insulating glass and the environment occurs through two 
distinct mechanisms, convection and radiation. This heat exchange, ݍሶ ᇱு௅, represents the total heat loss. 
There are two mechanisms of heat loss, convection (ݍሶ ᇱீ஼) and radiation (ݍሶ ᇱீோ). 
 
ݍሶ ᇱு௅ ൌ ݍሶ ᇱீோ ൅ ݍሶ ᇱீ஼ (22)  
 
The amount of radiation absorbed by the glass, especially in cases with no solar concentration, is very 
small; therefore it is neglected in this model. 
 
ݍሶ ᇱீ ൌ ݍሶ ᇱு௅ (23)  
 
o Convective heat exchange 
 
The convective heat exchange between the external surface of the insulating element and the 
environment is strongly influenced by the wind velocity and temperature. Since wind data was not 
collected, an average wind speed of ݒ୵ ൌ ͷሾ݉Ȁݏሿ is assumed. 
The convective heat transfer can be found using Newton's law of cooling [8]. 
 
ݍሶ ᇱீ஼ ൌ ݄௘௫௧ߨܦீாሺܶீ ா െ ௔ܶ௠௕ሻ (24)  
 
݄௘௫௧ ൌ ܰݑ஽ಸಶ
݇௔௜௥
ܦீா  (25)  
 
ܰݑ஽ಸಶ ൌ ͲǤ͵ ൅
ͲǤ͸ʹܴ݁஽ಸಶଵ ଶΤ ܲݎ௔௥ଵ ଷΤ
ሾͳ ൅ ሺͲǤͶ ܲݎ௔௜௥Τ ሻଶ ଷΤ ሿଵ ସΤ ൥ͳ ൅ ൬
ܴ݁஽ಸಶ
ʹͺʹͲͲͲ൰
ହ ଼Τ
൩
ସ ହΤ
 (26)  
 
ܴ݁஽ಸಶ ൌ
ݒ୵ܦீாߩ௔௜௥
ߤ௔௜௥  (27)  
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o Radiant heat exchange 
 
The radiant heat loss is given by: 
 
ݍሶ ᇱீோ ൌ ߪߨߝீܦீா ቀሺܶீ ா ൅ ʹ͹͵Ǥͳͷሻସ െ ൫ ௌܶ௞௬ ൅ ʹ͹͵Ǥͳͷ൯
ସቁ (28)  
 
At a sky temperature ௌܶ௞௬  which, according to [5], can be obtained by: 
 
ௌܶ௞௬ ൌ ௔ܶ௠௕ െ ͺ (29)  
4. Results  
The measurements in all of the heat loss tests were carried out only under steady-state conditions. 
After the system achieved a stable condition in terms of the inlet and outlet temperatures, the data 
acquisition was started. The DNI variations during this period were very small. The measurements were 
taken for at least a 10-min period. The results obtained in the experiments showed a high degree of 
uncertainty due to the fact that the temperature drop in the absorber tube was almost as small as the 
thermocouple uncertainty. Nineteen type-one and type-two tests were conducted. The global heat loss 
coefficient obtained varied from 4.49 to 6.93 W/m2K. The mean value obtained was 5.68 W/m2K with 
45% of uncertainty.  Due to the high degree of uncertainty, the expected behavior of an increase in the 
global heat loss coefficient with increasing temperature difference could not be observed. 
 
 
Figure 7: Results for the experimental tests and numerical simulations 
 
The type-three tests were carried out to evaluate the accuracy of equation. 6. Table 1 presents the 
results obtained in these experiments and those calculated with equation 6. A good agreement can be 
observed for all three tests.  
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 QDNI-abs [W]  
Test Measured Calculated Difference 
1 166.6 162.6 2% 
2 139.2 152.2 9% 
3 107.7 100.1 7% 
Table 1: Type-three test results 
5. Conclusions 
The system performance was very sensitive to small variations in the operational conditions and 
deformation of the axis of the parabolic trough. The numerical simulation when compared to the 
experimental results for the losses shows the degradation of the vacuum in the annular region of the 
absorber tube, which may have appeared during the transportation of the tubes from China to Brazil or on 
assembling the collector. The collector was also tested with solar radiation and the efficiency obtained 
varied from 0.3 to 0.55. However, these results are not presented herein. This high variability in the 
collector efficiency was caused by factors such as dirt on the mirrors and other factors that were difficult 
to control during these experiments and in the design. 
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